Diseases that affect the mitochondrial electron transport chain (ETC) often manifest as threshold effect 2 3 disorders, meaning patients only become symptomatic once a certain level of ETC dysfunction is 2 4 reached. Multiple processes work to control proximity to the critical ETC threshold and as a 2 5 consequence there can be significant variability in disease presentation among patients. Identification 2 6 of such control processes remains an ongoing goal. Checkpoint signaling comprises a collection of alert 2 7 mechanisms activated in cells in response to nuclear DNA damage. Well-defined hierarchies of 2 8 proteins are involved in both sensing and signaling DNA damage, with ATM (ataxia telangiectasia 2 9 mutated) and ATR (ATM and Rad3-related) acting as pivotal signaling kinases. In the nematode 3 0 C. elegans, severe reduction of mitochondrial ETC activity shortens life, as in humans, but mild 3 1 2 reduction extends life as a consequence of survival strategies that are invoked under these 3 2 circumstances. Here we show that removal of ATL-1, the worm ortholog of ATR, unexpectedly lessens 3 3 the severity of ETC dysfunction, but removal of ATM does not. Multiple genetic and biochemical tests 3 4
INTRODUCTION 5 9
The essential nature of mitochondria is underscored by the devastating effects of inherited 1 0 0 and ATR differ in the lesions to which they are recruited, with ATM being recruited to dsDNA breaks 1 0 1 and ATR having a broader specificity underscored by the presence of ssDNA, including recessed 1 0 2 dsDNA breaks and stalled replication forks 23 . Depending on the level of damage and success of repair, functions were ascribed to both ATM and ATR. For ATM, these involve regulation of a variety of 1 0 5 processes, including insulin signaling, the pentose phosphate pathway and mitophagy. Also, in yeast, 1 0 6 5 ATM/Tel1p was found to act as a specific sensor of mitochondria-generated ROS 25, 26, 27, 28, 29 . ATR on 1 0 7 the other hand was shown to be important in controlling an outer mitochondrial membrane (OMM)-1 0 8 localized apoptotic signal, autophagy, RNA polymerase activity and chromatin condensation 30, 31, 32, 33, 1 0 9 34 . In this study, we uncover a new role for ATR in mitochondrial retrograde response signaling. In C. elegans, atp-3 encodes the ortholog of the human ATP5O/OSCP subunit of the mitochondrial 1 1 4 F 1 F o ATP synthase, while isp-1 encodes the Rieske Fe-S ortholog of complex III. We have previously 1 1 5
reported that wild type worms exposed to increasing amounts of bacterial feeding RNAi targeting either 1 1 6 atp-3 or isp-1 reach a critical threshold after which the concentration of RNAi causes worms to exhibit a These 'mean lifespan versus feeding RNAi dosage ' curves were mapped using 12 point datasets and 1 2 0 their profiles were robust across multiple rounds of testing 3 5
.
This differing effect of atp-3 and isp-1 1 2 1 feeding RNAi on lifespan reflects the more potent degree of ETC inhibition that is ultimately attained 1 2 2 following severe atp-3 knockdown. Using these well-defined treatment regimes and reagents, we tested 1 2 3 whether loss of ATM-1 or ATR checkpoint proteins altered the phenotypic response of worms to 1 2 4 mitochondrial ETC disruption (see Supplemental File S1 for a full description of mutants used in this 1 2 5 study and the method used to the propagate lethal DDR strains). When mutant atm-1(gk186) worms 1 2 6
were exposed to atp-3 or isp-1 RNAi (1/10 th strength and undiluted) animals matured and survived 1 2 7
indistinguishably from similarly-treated wild type worms ( Fig. 1A-D) . In contrast, atl-1(tm853) mutants 1 2 8
were differentially refractory to the effects of knockdown of either RNAi. This effect was most evident in 1 2 9
worms treated with 1/10 th strength atp-3 or isp-1 RNAi, where animals showed obvious resistance to 1 3 0 both size reduction (Fig. 1A, B ) and lifespan extension (Fig. 1C, D) . (Additional examples are   1  3  1 presented later in Figure 2A-C) . atp-3 and isp-1 knockdown did eventually reduce adult size and 1 3 2 6 extend life in the mutant atl-1(tm853) background, suggesting the response to ETC disruption in these 1 3 3 animals is right-shifted relative to wild type control (see schematic Fig. 1C, D) . Surprisingly, 1 3 4 measurement of atp-3 and isp-1 mRNA levels following RNAi treatment revealed that target gene 1 3 5
knockdown was as efficacious in atl-1(tm853) mutants as it was in wild type worms (Fig. 1E) , indicating 1 3 6 these animals were not deficient for RNAi. Furthermore, we found that atl-1(tm853) mutants were also 1 3 7 refractory to mitochondrial ETC disruption induced using chemical inhibition (Supplemental Figure   1 3 8 S1). Based on these findings, we conclude that inhibition of the phosphoinositide 3-kinase-related 1 3 9
kinase ATL-1 confers resistance to mitochondrial ETC disruption. wild type, atm-1(gk186) and atl-1(tm853) single mutants, as well as two independent atl-1(tm853); atm-1 4 5 1(gk186) lines. Worm length is quantified in panel B. All worms were seeded at the same initial time. refer to difference relative to respective wild type sample: **p<0.01, ***p<0.001.
1 5 0 (C, D) Charts on Left: Adult lifespan of worm strains tested in (A). Shown is a representative study. All 1 5 1 conditions were tested in parallel derived from a starting population of 16,000 synchronous eggs.
becoming underrepresented by adulthood. type (N2) and isp-1(qm150) worms at the L4 and day-one adult stages, measured using of RNA pol II stalling due to reduced nucleotide availability. We therefore quantified the formation of R- . R-loops are DNA::RNA hybrids that accumulate when transcription stalls 3 2 4 ( Fig. 6A) . We detected R-loops in purified, whole-worm genomic DNA fractions using slot blot analysis 3 2 5
in conjunction with a DNA:RNA hybrid-specific antibody (αS9.6) 5 0
To obtain sufficient material for 3 2 6 1 3 these studies we utilized a double feeding RNAi approach and tested four conditions: Wild type worms 3 2 7 exposed to either vector control RNAi, 1/10 th strength isp-1 RNAi, 9/10 th strength atl-1 RNAi, or both 3 2 8 9/10 th strength atl-1 RNAi with 1/10 th strength isp-1 RNAi. Vector control feeding RNAi was added as 3 2 9
balancer where appropriate. qRT-PCR analysis undertaken before the start of the experiment revealed 3 3 0 9/10 th strength atl-1 RNAi reduced atl-1 mRNA by 50% ( Fig. 6B) , the same amount that was observed 3 3 1 in maternal-effect rescued atl-1(tm853) mutants (Fig. 6C) . The results of our R-loop studies can be 3 3 2 summarized as follows ( Fig. 6D) length distinguished R-loops generated in worms exposed to isp-1 RNAi from those exposed to isp-1 3 3 7
and atl-1 double RNAi. Genomic fractions were separated on an agarose gel, stained with ethidium 3 3 8 bromide, then transferred to nitrocellulose and probed with α S9.6 antibody ( Fig. 6E) increased in worms exposed to mitochondrial ETC disruption, identifying one route by which ATL-1 is 3 4 4 potentially activated in these animals. strains studied. The only exception was mev-1, for which mRNA levels remained unchanged in atm-4 0 0 1(gk186) mutants ( Fig. 7B ).
0 1
To quantify changes in mitochondrial morphology we employed a hexokinase-2::GFP 4 0 2 translational reporter (HXK2::GFP) that is localized to the outer mitochondrial membrane from those of wild type animals ( Fig. 7C) . Finally, the most significant finding that we uncovered related 4 0 7
to alterations in oxygen consumption by atl-1(tm853) mutants. When wild type worms, atl-1(tm853) and atm-1(gk186) single mutants, as well as atl-1(tm853); atm-1(gk186) double mutants were cultured on 4 0 9
isp-1 RNAi, the basal oxygen consumption rate of atl-1(tm853) mutants, as well as atl-1(tm853); atm-4 1 0 1(gk186) double mutants, significantly increased relative to wild type worms ( Fig. 7D) . Moreover, while 4 1 1
isp-1 knockdown uniformly decreased oxygen consumption in wild type worms, atm-1(gk186) single 4 1 2 mutants and atl-1(tm853); atm-1(gk186) double mutants, and by the same extent, oxygen consumption 4 1 3
in atl-1(tm853) surprisingly remained unchanged following this treatment. We conclude that while atl- consumption, even when confronted with disruption of their mitochondrial electron transport chain. Both atl-1 and isp-1 knockdown significantly alter mitochondrial morphology relative to vector-control 4 2 7 (p<0.0024, refer to Methods for significance testing). (1/10 th strength RNAi). All other tested strains experienced a significant decrease in oxygen 4 3 0 consumption (N=4). Oxygen consumption was measured using a Seahorse XFe24 Analyzer. p<0.01. *** p<0.001; ns, not significant. In (D), ^^^ p<0.001 in comparison to wild type on isp-1 RNAi. In Loss of ATR leads to recovery of translational activity in worms exposed to ETC disruption. of antisera, see Materials & Methods) ( Fig. 8A) . Moreover, early analyses involving several hundred and mitochondrial ETC subunits, as well as key translational regulatory factors ( Fig. 8C) . We therefore loss of atl-1 permitted its recovery. We employed polysome profiling in conjunction with RNAi targeting 4 5 5
both isp-1 (1/10 th RNAi strength) and either atl-1 or vector (both at 9/10 th RNAi strength). We found that 4 5 6 the actively translating polysome fraction of worms treated with isp-1 RNAi was decreased by half restored polysome activity to wild type levels ( Fig. 8D) . Loss of atl-1 in the absence of ETC disruption 4 5 9
did not significantly impact polysome abundance relative to wild type worms. These data imply that because simply elevating global rRNA production by inhibiting ncl-1, a negative regulator of FIB- block the size reduction caused by isp-1 bacterial feeding RNAi (Fig. 6E, F) . Collectively, our results 4 6 7 lead to a model for how ATL-1 acts to modulate the mitochondrial threshold effect (Fig. 8G) . translating ribosomes to control levels in worms grown on isp-1 RNAi (1/10 th strength). activation of ATL-1, and dampening of global translation, leading to magnification of ETC dysfunction. In this study, we discovered that the PIKK kinase ATR/ATL-1 plays a specific role in modulating the 4 9 3 mitochondrial threshold effect of C. elegans. When flux through the ETC was reduced, ATL-1 was 4 9 4 activated. We presented data suggesting stalling of RNA polymerase could be the trigger for ATL-1 4 9 5
activation. We recorded measurable reductions in many nucleotide species in adult worms, including 4 9 6
substrates for both RNA and DNA polymerase, and we presented biochemical evidence showing RNA 4 9 7 polymerase stalling following ETC disruption. In addition to these findings we showed that ATL-1 4 9 8 paradoxically exacerbates mitochondrial dysfunction during times of mitochondrial stress. Specifically, 4 9 9
when worms containing reduced levels of atl-1 were challenged with ETC disruption, unlike wild type 5 0 0 animals, these showed no signs of impairment in global translational output or respiratory oxygen In our search for signals that triggered ATL-1 activation in response to ETC disruption we found no 5 0 8 evidence for elevated rates of nuclear DNA mutation or strand breakage. This does not preclude the 5 0 9
possibility that DNA damage occurred and was accurately repaired. Such damage would have escaped 5 1 0 detection in our assays. Nonetheless, we investigated other potential mechanisms of ATL-1 activation 5 1 1 and found that nucleotide pools were significantly changed when analyzing isp-1(qm150) mutants. This 5 1 2 is significant because ATR activation has been linked to changes in nucleotide pools in other model . Whether a similar mode of ATR activation functions in C. elegans 5 1 6 remains unclear, but Ggc1p, the protein that initially recruits Mec1p to the yeast mitochondrial 5 1 7 membrane under low glucose conditions has no worm ortholog. We therefore decided to pursue an 5 1 8 2 0
alternate hypothesis for nucleotide-dependent activation of ATR in worms, namely stalling of RNA 5 1 9
and/or DNA polymerases.
2 0
Previously it had been shown that blocking RNA polymerase during transcriptional elongation is 5 2 1 sufficient to activate ATR and induce a DNA damage response (DDR) 4 8
. Indeed, we found evidence 5 2 2 that DNA::RNA R-loop hybrids are increased in the presence of mitochondrial ETC disruption, which is 5 2 3
indicative of transcriptional stalling. However, it is unclear whether all the R-loops we detected were in conjunction with an antibody targeting these structures (S9.6), R-loops are expected to appear at a 5 2 6
high molecular weight in association with the gDNA band. We clearly detected an elevated signal in this response is remarkably similar to what was just discussed for humans. Obviously, more work is needed
to determine the identity, provenance and significance of the low molecular weight DNA::RNA species 5 5 1 in worms experiencing ETC stress and if and how they might relate to ATR activation. One important finding from our study is the observation that atl-1 knockdown mitigates the effects of 5 5 5 mitochondrial ETC dysfunction. This is an intriguing finding as it suggests the normal cellular response shortcomings, we find that atl-1(tm853) mutants are still able to maintain oxygen consumption at near 5 6 3 normal levels when confronted with ETC disruption. The precise mechanism involved is yet to be 5 6 4
determined, but it may be as simple as atl-1(tm853) mutants being able to maintain the translation of a 5 6 5
factor that enhances supercomplex formation, for example 66 . Alternatively atl-1(tm853) mutants may 5 6 6 be able to keep their cells fortified with sufficient ETC proteins to counteract any rapid turnover that is 5 6 7
likely to occur when subunits become rate-limiting during the assembly process. Along these lines, when we examined polysome formation under conditions of ETC dysfunction, we found that animals 5 6 9
with functional ATL-1 had reduced polysome formation but removal of atl-1 restored this number back 5 7 0
to pre-ETC disruption levels. Future studies will be aimed at determining the precise mRNA species 5 7 1 present in these polysomes. Another way in which atl-1(tm853) mutants might be able to counter ETC disruption involves the 5 7 3 nascent protein folding machinery. We showed that ICD-1/βNAC, a protein that acts as a ribosome- . βNAC was also one of the few proteins found to be specifically regulated by ATR-dependent . It will be of particular interest in future to ascertain if ATR directly regulates βNAC 5 8 0
abundance on ribosomes to modulate translation of ETC transcripts in worms. needs to be elevated to counter ETC dysfunction in worms. However, while acute inhibition of mTOR 5 8 8
indeed results in global dampening of translation, it also results in the specific translational upregulation . R  e  i  n  h  a  r  d  t  H  C  ,  A  s  l  a  n  i  a  n  A  S  ,  L  e  e  s  J  A  ,  Y  a  f  f  e  M  B  .  p  5  3  -D  e  f  i  c  i  e  n  t  C  e  l  l  s  R  e  l  y  o  n  A  T  M  -a  n  d  A  T  R  -M  e  d  i  a  t  e  d  8  0  4   C  h  e  c  k  p  o  i  n  t  S  i  g  n  a  l  i  n  g  t  h  r  o  u  g  h  t  h  e  p  3  8  M  A  P  K  /  M  K  2  P  a  t  h  w  a  y  f  o  r  S  u  r  v  i  v  a  l  a  f  t  e  r  D  N  A  D  a  m  a  g  e  . C a n c e r C e l l 8 0 5 2 0 0 7 , 1 1
( 
